Background: The VeriStrat test is a serum proteomic signature originally discovered in non-responders to second line gefitinib treatment and subsequently used to predict differential benefit from erlotinib versus chemotherapy in previously treated advanced non-small cell lung cancer (NSCLC). Multiple studies highlight the clinical utility of the VeriStrat test, however, the mechanistic connection between VeriStrat-poor classification and poor prognosis in untreated and previously treated patients is still an active area of research. The aim of this study was to correlate VeriStrat status with other circulating biomarkers in advanced NSCLC patients -each with respect to clinical outcomes.
Background
The VeriStrat (VS) test classifies patients as either good or poor based on a matrix assisted laser desorption/ ionization time-of-flight (MALDI-TOF) mass spectrometry protein signature [1] . It has been shown to be prognostic for outcomes in advanced NSCLC patients treated with EGFR TKIs and platinum-based chemotherapy and predictive of differential survival benefit between EGFR TKIs and single agent chemotherapy [1] [2] [3] [4] [5] [6] .
The prognostic benefit of the VS test has been demonstrated with other therapies for NSCLC, including those targeting angiogenic pathways. Analysis of cohorts treated with combinations erlotinib and bevacizumab or erlotinib and sorafenib showed superior overall survival for the good classification group compared with the poor group [7] [8] [9] [10] [11] . In addition, studies of VS in patients treated with front line platinum doublet chemotherapy [12, 13] and in previously treated patients receiving nivolumab [14] indicate that VS's prognostic ability extends to other therapeutic regimens.
Multiple isoforms of serum amyloid A contribute to the 8-peak proteomic signature that underpins the VS test, but the identity of some of the other components of the signature remain unknown [1, 15] . As expression of serum amyloid A, an acute phase protein, is known to play a role in the VS test classification, it is to be expected that the VeriStrat classification is associated with other proteins related to the acute response and/or chronic inflammation, as well.
The objective of this study was to evaluate potential correlations between VS good and poor classifications, outcomes, and circulating biomarkers implicated in tumor progression and treatment resistance in pretreatment sera collected from advanced NSCLC patients treated with second line cytotoxic chemotherapy or erlotinib.
Methods

Patient population
The Rush University Medical Center (RUMC) biorepository houses biospecimens (serum, plasma, plasma buffy coats) from over 500 cases of advanced stage NSCLC. From this cohort, we selected cases that failed front-line treatment and were treated with either cytotoxic agents or erlotinib. Individual treatments were selected by the physician in accordance to standards of care. Disease progression were assigned to all cases based on version 1.1 of RECIST criteria. Serum and clinical data were collected prospectively with written informed patient consent. This study was reviewed and approved by the Institutional Review Board at RUMC.
Collection and storage of serum specimens
Peripheral blood was collected in standard 10 mL redtop Vacutainers® from each patient immediately prior to treatment initiation. Samples were processed using standard phlebotomy methods, as previously described [16] . A portion of each serum sample used for the Luminex evaluations were supplemented with 25 μL/mL of the Mammalian Protease inhibitor cocktail (Sigma, St. Louis, MO) and 10 μL/mL of 0.5 M EDTA to minimize further proteolysis. Aliquots were archived in a-80°C freezer until testing. No specimen tested in this study was subject to greater than two freeze-thaw cycles.
EGFR mutational status
EGFR mutational status was determined when possible from archival FFPE materials as we previously described [17] . When FFPE material was not available, digital droplet PCR was used to determine mutational status on cell-fee DNA in patient plasma, also as previously described [16] . Briefly, circulating free DNA (cfDNA) was purified from plasma (yellow top -ACD) using the NucleoSpin Plasma XS kit (Clontech Laboratories) and evaluated on a NanoDrop (Agilent Technolgies, Santa Clara, CA) or Qubit (ThermoFisher Scientific) spectrophotometer. A Bio-Rad QX200 digital PCR System (Bio-Rad Laboratories) was then used to interrogate the specimens for the EGFR mutations G719S and L858R as well as an exon 19 deletion (E746-A750). Amplicon levels were determined on a QX200 Droplet Reader and analyzed using the QuantaSoftTM software (Bio-Rad).
Measurements of serum biomarker levels
Serum specimens were evaluated with a total of 104 assays (consisting of 102 unique analytes), performed using Luminex immunobead assays as indicated below. All primary data points were collected on a Luminex FLEX-MAP 3D® system. Analyte concentrations were calculated from a 7-point curve using a five-parametric fit algorithm (xPONENT® v4.0.3 Luminex Corp., Austin, TX). All data met minimum quality control thresholds defined by the kit manufacturer with percent coefficient of variation (%CV) values ≤10%, all as previously defined [16] .
Biomarkers used in the current study were as follows: 
VeriStrat classifications
VeriStrat (VS) testing was performed as described [1, 3] . The test is based on MALDI mass spectrometry (MS). All samples were provided to Biodesix and processed in a blinded manner; only Rush investigators had access to information beyond specimen code at the time of testing. Ion current (intensity) values of eight spectral regions were evaluated in triplicate and compared to a standard reference set in order to assign a good or poor classification label. An indeterminate classification status was assigned to cases with discordant findings in the replicates. Only patients with classifications of VeriStrat good (VSG) or VeriStrat poor (VSP) were included in the study cohort.
Biomarker statistical methods
The erlotinib and chemotherapy groups were evaluated for differences between clinic-demographic parameters using the Mann-Whitney and Fisher's exact tests. Timeto-event outcomes (PFS/OS) were associated with biomarkers concentrations in a continuous scale using the Cox proportional hazards (PH) regression analyses. The association of VeriStrat classification with treatment grouping and progression-free survival (PFS) and overall survival (OS) were accomplished using the multivariate Cox PH interaction model, in a manner similar to other studies [6] .
The association of VS status with circulating biomarker levels was evaluated with the Mann-Whitney Rank Sum test and graphically reported as box-andwhisker plots. False discovery rate (FDR) was calculated for association of biomarker concentrations with outcomes and VeriStrat classification using the method of Benjamini and Hochberg [18] .
Results
Patient demographics and clinical correlates
This prospective non-randomized study included a cohort of advanced NSCLC patients from RUMC who had disease progression on front-line platinum doublet based chemotherapy and were treated subsequently with either cytotoxic agents (n = 57) or erlotinib (n = 70). Treatment was chosen at the discretion of the patient's physician. The study cohort was 53% female, 72% white, with 87% smokers. Median age was 65 years and 63% had performance status 1 and 80% of patients had non-squamous disease. No statistically significant differences in population with respect to patient characteristics were detected between the two treatment cohorts (Table 1) . Briefly, the mean age was 64.0 years for both sub-cohorts, while gender distributions were 49.2% and 55.7% female for chemotherapy and erlotinib arms, respectively. As shown in Table 1 , the gender difference was not statistically different. Racial distributions were also similar between the chemotherapy and erlotinib cohorts, consisting primarily of white subjects (73.0% and 74.3%, respectively), black (26.3% and 21.4%, respectively), with the balance being Asian or Asian/ Pacific Islanders. Both arms were composed chiefly of non-squamous histology (79.0% chemotherapy, 81.4% erlotinib), and this difference was not statistically significant (p = 0.8235). An overwhelming majority of the subjects in both cohorts were current or former smokers, with a slightly higher portion of which in the chemotherapy cohort (91.2% versus 82.9%, chemotherapy and erlotinib; p = 0.0831). EGFR mutation status was evaluated in 77% of the chemotherapy cohort and 63% of the erlotinib cohort, when evaluable specimens (tumor or plasma) were available; however no EGFR mutations were detected in any sample.
VeriStrat status and associations with PFS and OS at RUMC
VS labels were similarly distributed in both treatment cohorts; 72% of the chemotherapy and 76% of the erlotinib cohort were classified as VeriStrat good (VSG) (p = 0.6865) (Table 1) . Further, VeriStrat classification was independent of age, gender and racial distributions, smoking status, and tumor histology/grade (p > 0.10). Patient characteristics with respect to VS status are provided as Additional file 1: Table S1 . Not surprisingly, there was a trend towards (p = 0.0807) a superior performance status in the VSG group relative to those classified as VeriStrat poor (VSP), as shown in Additional file 2: Table S2 .
The median progression-free survival (PFS) and overall survival (OS) for the entire cohort were 10.7 weeks (95% CI: 8.3-12.6) and 31.7 weeks (95% CI: 25.6-38.1), respectively. No significant difference in OS was detected between treatment groups. However, dramatic differences were detected between the VSG and VSP groups ( Fig. 1 and Table 2 ). Median OS in the erlotinib cohort was 41.6 weeks and 8.6 weeks for VSG and VSP groups, and 35.7 weeks and 16.3 weeks, respectively, within the chemotherapy cohort. A significant interaction between VeriStrat classification and OS was observed when adjusted for baseline patient characteristics (p = 0.0035). Gender and smoking (never vs. ever) were also identified as independent predictors of OS (p = 0.0262 and 0.0056, respectively). These findings are illustrated via Kaplan-Meier plots as Fig. 1 . Similar findings were revealed with our evaluation of PFS, as shown in Additional file 3: Figure S1 .
Association of biomarkers with clinical outcome
Circulating levels of 27 biomarkers were found to be significantly associated with OS (Cox PH p-value ≤0.05 with FDR < 0.20): of these 16 showed a Cox PH p-value < 0.01 and FDR < 0.05. (See Table 3 ). Nine markers possessed a p-value < 0.001, including several biomarkers primarily associated with proinflammatory/ acute phase reactants (CRP, SAA, ferritin, TNFRI, IL-2R α , and IL-1RII), The balance of the markers were associated with angiogenesis (thrombospondin-2, PLGF, and angiopoietin-2) or an indirect measure of an acute phase response (e.g. procalcitonin). Very similar findings in terms of biomarkers and processes being represented were obtained when examining PFS, but only 16 biomarkers showed a Table S3 and Additional file 5: Table S4 .
Association of biomarkers with VeriStrat classification
A total of 23 significant associations between VS classification and circulating biomarker levels were identified in the present study by a Mann-Whitney Rank Sum test (i.e., p ≤ 0.05) ( 
Discussion
The predictive and prognostic value of the VeriStrat (VS) test for pretreated advanced NSCLC patients with wild-type EGFR tumors have been extensively studied since the test was first introduced in 2007, as recently reviewed in an editorial by Soo and Adjei [19] . Though prognostic information is certainly useful for counseling NSCLC patients, identifying some of the key (mechanistic) drivers underlying the VeriStrat poor (VSP) classification could open the door for patient selection for novel therapies that might improve outcomes. With the strong prognostic utility of the VS test, the VSG population would likely benefit from most standard of care based therapies, with cautious introduction of agents to improve response. In our study, we have demonstrated that VSG patients benefits from both EGFR TKI as well as single-agent chemotherapy in the EGFR WT population. And while the cohorts evaluated in this study were treated prior to FDA approval of nivolumab for pretreated NSCLC, we are very interested in further evaluating the VS test, and the selected serum biomarkers, to cohorts receiving PD-1/−L1 directed immunotherapy. In this, we anticipate that VS good patients may receive more benefit from immune checkpoint inhibition therapy due to less chronic inflammation and suppression of cytotoxic T cell activity. The current study was developed to investigate potential correlations between specific peptide and protein biomarkers and VS classification. These findings might generate hypotheses regarding mechanisms of tumor progression and novel therapeutic interventions. Our patient population was unremarkable in terms of clinical characteristics and prevalence of VS status relative to other studies evaluating the predictive and/ or prognostic value of VS in pretreated NSCLC patients [3, 6] . The study confirmed the results of the PROSE study [6] which demonstrated the predictive ability of the VS test for differential survival benefit between erlotinib and single agent chemotherapy. Note that although there was no stratified randomization between treatments in this study, the interaction between VS classification and treatment was significant when adjusted for clinical characteristics. The prognostic power of the test for EGFR TKI therapy found in multiple previous studies [1] [2] [3] [4] [5] [6] was also confirmed. A majority of the circulating protein biomarkers significantly associated with outcome were proinflammatory/ acute phase reactants. The acute phase response is commonly associated with infection, trauma, inflammatory diseases and cancer [20, 21] . Furthermore, these acute phase reactants accompany both acute and chronic inflammatory states, which are known to promote carcinogenesis and enable cancer characteristics [22] . Not surprisingly, multiple acute phase reactants have been demonstrated to be correlated with poor prognosis in cancer (e.g. CRP, SAA) [23] [24] [25] [26] . To the best of our knowledge, the VS test is the only multivariate test capturing the acute phase response with broad applicability for use in clinical practice.
In an attempt to further understand some of the biological processes that may be surveyed by this study, we provide a preliminary account of biomarker mapping to biological processes in the Supplemental Results using the Ingenuity Pathway Analysis Suite and a Gene Set Enrichment (GSE) (Additional file 8: Table S6 and  Additional file 9: Table S7 , respectively). In these preliminary analyses, 'fibrotic processes' was another prominent theme in the biomarkers associating with the VeriStrat status, although this finding may simply reflect the presence of circulating biomarkers of an epithelial-tomesenchymal transition underlying fibrosis [27] . And while not annotated by these analyses, cancer cachexia emerges as a system-level process highly implicated by these findings; particularly with the theme combining acute phase reactants (e.g. thrombospondin-2, C-reactive protein, serum amyloid A, ferritin), inflammation (e.g. suPAR, IL-6, procalcitonin), adipokines (e.g. leptin, resistin, adiponectin), and metabolic control (e.g. IGFBP-4, IGFBP-3, GLP-1) emerging as a prominent signature [with significance of each listed example provided in Table 3 ]. Please note these analyses are meant to help promote a mechanistic understanding of the observations from this study and are limited in their scope and should be interpreted with some restraint.
Recently, we described negative associations between increasing neutrophil to lymphocyte ratios (NLR) and declining body weight changes and overall survival in a cohort of advanced NSCLC patients receiving chemotherapy [28] . These observations, together with the known involvement of inflammation and cancer cachexia in advanced NSCLC, suggest that VS could aid in the identification of patients with cachexia and pre-cachexia who are candidates for anti-cachexic agents, such as anamorelin [29, 30] . Inflammatory cytokines [31] , inflammatory cells [31, 32] , and sarcopenia/cachexia [33] are also implicated in impaired anti-tumor response. Additional study of circulating proteins might identify therapeutic strategies which could positively impact cachexia and anti-tumor immune response.
Finally, some of the themes we describe above also followed through to the associations between VS classifications and circulating biomarker levels, where two prominent hierarchical clusters emerge when illustrated as the heatmap, provided as Additional file 7: Figure S2 . Namely, cluster 1 included clearly elevated levels of serum amyloid A, C-reactive protein, ferritin, tissue plasminogen activator, IL-6, and calcitonin in the VSP group, relative to the VSG cases. In cluster 2 the VeriStrat good group was observed to have elevated levels of BMP-9, sRAGE, sVEGFR2, sHER-2, IGF-I, IGF-II, and adipsin, relative to the VSP cases. [Note: the p value for the association of each biomarker with VS classification is provided in Table 4 with the complete list provided as Additional file 6: Table S5 ]. This figure also illustrates nicely the patient-to-patient variations in individual biomarker expression regardless of VS status and stresses the importance of considering multiple analytes in any classification algorithm.
